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ABSTRACT

The transmission of high resolution raster images over low-bandwidth
comunication lines requires a great amount of time . User interaction in
such a transmission environment can be frustrating. The problem can be eased
somewhat by transmitting a series of low resolution approximations , which
converge to the final fimage. Several methods of computing such a series of
Images are presented. Each is related to a particular type of pyramid data
structure. They rely on the ability of the local display device to overpaint
an ex i sting Image , an d generall y requ i re some transm ission and computation
overhead. However, one of the methods requires no transmission overhead and
only a small amount of local computation. A notation Is Introduced that
permits concise descri ptions of the image refinement processes.~~r 
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1’IT~~GDJCT IL :1

Ra3te r  qraphi.cs iispii( devices ~re c~~ abLe of reçt~~_ u ci..~ v~~.y

co~ plo x i~ a1es. Unfortunately, they aro of t e n  ri~ ct~~ to t~ie  ~i O U L C e

o~ those ima ~~es , a l a rge  n~ inrr.un e compu ter , by iow—band~ 1~ tL ~~~~

links. This makes it difficult to interact 9zz~ cti veiy with tr~e

display wLen it is bein4 used to dLs~.lay the i~ a.~~s :or ~~~~~~~~ it

~ade ( ften full—color , tyoicaliy 51~.*312 pi cture ~ia~~~r~ts (~~j X O i S ) ) .

Irtn s~zittinq such an inaqe over ~i 1200 .iao’d 1in~ cm t a k t ~ ~~~~~~~~~ ~i . x

h~ ur , or loiiger. If it is being d1s~ La7ed on a 111. — hv— ~~i~..~ ias~.s,

F t he n it nay be 15 or 2J fainutes befor~ tae user ~~~ a~~y notiu:. ~~i wnat

the final picture will be like .

Thi5 problem can b~ alleviat€u so~ ew~~aL L v  s~ n~ i1.;, I I L J

displa~rinq , a series of iaiaqes wii i~~i con v€ r~ ± to t:~~ ti.~ai , f u l i

resolutiou picture. Successive i.na.~es are refine~ents 31. € u rj ~~L :

i~ ages, •ma~ appr o~ i~aations to the orj~;iaa 1 j
~~ ~~~~~. The

aivanta~ e of ~uch a scheme is that ~lo~ al •;tr~~~ ur~ i i~ t .~~ i . . i ; e

be:o~ es ~pp areIi t very earli in t~ e dis~.i i y  u r ces~~, a i i~~. i ..~~ ~~~ u~~ :

~~ negirt to e:~i~nine tae pict’ice , and ~~~ ~i ir.te r r i p  t t: . ? I i  ~~ ...
~~~ 

V

satisfia.I witu the app roxiiim tion . ~~~~ i d v . t ..t~~~~S .A.it~ ~~~~

iri~ reased storage or cooput iti on costs.

In t h i s  p ap e r , ~e p re3~~nt severa.5. .uot~ cis )L  ~ O11 r. U ~~i :~~; ~~~~~~~~~~~

se r ies of co~ v e r i L r ~ i .ua~~~s. A l l  t ..e~~e • t ;~) ~~~~ ~a~~-~i ~~~~~~

p v c a a t i d  Ia ti  st r u c t~ires ç r ~~a ia ~~tu  ~~ ii  vL L~~..., 1~~~ij .

4 d i z f 2 r ~~::es h~’t woe n t :~~ n~~t.i o 1 ;  ar ~ ~~~~i 1 t O 1  ~~ ~~~.: c~ oi~~~ ~~~~ ;~~~.

c i e si j n  ) f  p y r a . n i d  •lat m s t r l . . t j res .
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~ Y E.~iI~) DATA ST~ U~~r~J F .P s

A p y r a ~ id da ta  s t r u c t u r e  consists  of se v e r m i  l ev e l s , au o i~~r e i

0 — L ,  wh ere  each  le ve l is a 2—d i inen s io i . a l  r a s t e r  i nayc .  L e v e l  L is the

nost  detai led ( f i n e s t  r e sn iu t i on )  iulaqe ; tee  o tn er s  ar€. d e r i v o 3  fr o .~

it , and are ap p r o x in a t i ou s  to i t .  ( F i g .  1) T:~a v a l u e  of a ~~~X C i  if .

level k is a f un c t ion  of tx &e va lues  or t u e  p i x e l s  in a n  ~~~~ window in

level  c+ 1.  Th u s , the  r e l e v a n t  para~ e tu rs of a p y r a n i d  d a t ~i st r u c t u re

are:

• a )  X ,~
( : the  d in en s iou s  of Level  L ,

• o) M ,N : the iin en s ions  of the r e lu c t r o n  w i n d o w ,

:) R the r e d u c t i n rule.

U s ia l ly ,  the  reduc t io n w i n d o w  anã  the or i gj ~Lal ilaqe are .~c~uar~

( M = N , ~~~~~~~ (
~ **~ ) )  , bu t  these co nv e nt i o~.s c a n  be r e l ax e d , a t  Su u’~ CO St

in c on p u t a t i on a l co np iex i ty .  T h e  r e d u c t io n  r u l e  c ar .  i~e any r e a so r . a3 l e

fu n c t i o n  of t he  p ix e l s  in the w i n d o w  (o .~J . ,  ~ r r ., i x , 1ei~., ~:u u r ~~r . ,

Mode , S un , Se lection , or t h e i r  e x te u si ou s  f o r  ~~~~~~~~ cJLoru~f

p i x e ls)

tn subse guent sections we shai~. i .Lt : o fu c e  z o t ~~u ia s  .r.ic.. L e Z C r  to

p i x e ls  in  py r m . a i d s ,  and in order  to si~ pii fv t.t2s..~ rof~ re~ c~ s

denote by (k, i , j )  t h e  p i x e l in  level K at the ith  r o w , itu cJiJ ;a~ .

The set of a l l  p v r a n i d  p i xe l s  is ? = ( ( ~~, i , i )  Gc~ cL , J< l<:: **~.,

0~ j<N**k}.
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~CT ATI ON ?c1R R A S T E R  CP~~RAT tC~~S

~vc ao~ present notation that can conveniently he used to represent

~aa-v of the processes discussed in this paper . In p a r t i c u l a r , the

notation will nernit us to  concisely desc r ibe  t h e  progres s iv e

sequences  of  inages th a t our  nethod s prod uce. We begin b y  i n t roduc ing

several “iconic operators. ” These nanipulate inaqe dat a by acting on

grey—val ued (or colored) , arbitrarily—sha ped r~~ions of the picture .

More precisely, each iconic operator is either a binary operator

(taking two o~eran~s) or a uaarv operator (taking one operand) , and

takes operands vhich are “colored subsets of ER. ” RE (the “ras te r

region”) is an ~ by Y a r r ay .  Tau s ,

= I (D ,:’) , (t~,1) ,. . . (
~ 
,Y— 1)

(1 , ‘~) , ( 1 , 1) , • • • , (1 ,‘f— 1)

• I ~ • I 1 • I 4C •( — ‘ , ~
) , ( .C— ‘ , ) , . . . , C .(— i , )

C = ~~~~~~~~~~~ —l }

a set of co lo r s  ~e. r~, , c o n oin a t i o ns  of red , green , and  b lue ,

r e a L i z ~~b le  on a pa:’i-c ’i lar  r a s t e r  d i sp l ay  lev ic e)  • ~~~ assu.ae that tw~

sn~ c ial  col’,rs , ~~~~~~~~ az,J ~~~~~~~~~~~~~~ are ir~ C. The n if Sc i- R a n i  f : S — > C ,

we ~ av  (S,f) is  i ~o k r ~ j  su~ sct of FL . ~ n al. t a r a a t i vc  r . a n e  f o r  the

of a c-o L ore ~ subset of ?~ i~ “~~trt ial ~~c t u r ~ ” s i tce a co~ ored

H
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subset  of R E  is in actiality completely described by the  pa r t i a l

f un c t i o n  f f r o m  ER to C. H o w e v e r ,  the  exp l i c i t  ~en t i ou  of the  dom ain

S of f s irp l i f ies  our  s u.bse~~uent  discussion of iconic  opera tors.

For completeness of our  basic t e r m i n o l o g y ,  we let F be the set of

all coloring functions f and let ~ be the restriction of F to (SI

Thus the colo re~l subsets of R~ are the elements tS ,f) of 2~~XF such that do~(f) =

The ~~~~~~~~~~ ~~ era~~~~, ~~, is a binary iconic operator whose actio n

is described as follows:

(s1,f1) % (S2,f2) (S3,f3)

where

S
3 

= s1 ~ s2
S

3
-
~~C such that

f3
(x ,y) f

2
(x ,y) if (x,y) £ S

2

if (x,y) ~ S2

but (x,y)eS1

(undefined otherwise)

To “ r e p a i n t”  u s i n g  t w o  colored subse ts  of ~E, we n ak e  the  r e s u l t in g

sub set  be t h e  union  of the  t w o  g ive n , and d e f i ne  a c o l o r in g  f u n c t i on

fo r  it as f o L l c~~s: the  p ixe l s  c o m m o n  t o  t h e  t w o  o riq i c a l  s u b s e t s  get

t h ~~~ color f r o m  t h ~ second s u b s e t .  A l l  othe r pixe ls of the n e w  subse t

ge t  ~he color  o r ig in a l ly  a s si qn e ~ to  tL e~~. It is easy t o  ~ee t h a t  ~

is associative bu t  not commu tative . Thus we w r i t e
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- Pa ge 6

% (S.,f.) = (S
1,f1) % (S2,f2) % . . .  % ( S , f )

with the understanding that the order of the te rms is f i xe L A n o t h e r

b i n a ry  iconic operator  makes  use of d i s t i n g u i s h e d  colors , b lack  and

wh i t e , a n d  an assumed color c o m p l e m e n t  p e r m u t a t i o n  
~~ 

:C-> C s at i s fy in ~j

- 

¶
c~~c~~~ ~ 

and

• 
(black) white.

The l e f t  c o mp l em e n t  op e r a t o r  ~~ is d e f i n e d  as f o l l o w s :

(S1,f1) ~ (S 2 ,f 2 ) = (S 3,f 3)

S3 S
1
US2

f3(x ,y) (fi
(x~7) if (x ,y)c S1 but (x,y)~~S2

( ~~~~~~~ if (x ,y) S1 but (x ,y) S2

\ if (x ,y) S
1 

and (x,y) £52) and f2(x ,y) = black

- 
‘
~ ir~ (f 1(x ,y ))  if (x ,y) 

~~~ 
and (x ,y) e

and f2(x ,y) = white

p (undefined otherwise)

I

L ~~~ • _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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La the Left complement operation a pixel in S3 
c ø i ~n; from S~ ~ eePs

its original color if either the pixel ioes not belong to or tne

pixel belongs to S2 and is colored black. If the pixel from 5,

belon gs to S
~ 

and is colored w h i t e  (by  f 2 ) the p ixe l j s  -4 i ve n th e  - -

com p l e men t a r y  color in (S3 , f~~) .  A po in t  in S~ but  uot ~.n S, ~ee~ s its

color in S3. The operator is defined so as to perm it ~s 2 , f 2 ) to act

as a “switch picture” to selectively conpie meat colors of pixels f r o m

CS ? ~~

When  al l  i t s  resu l t s  are def ined , tn e  l e f t  comp le ment  o per at o r

l ike  the  r ep a i n t i n g  opera tor  is not  cosm uta t ive  b u t  is a ssocia t ive .

Thus we wr i te

U

.
~~ (S~~~,f~~ )

i~ l

wi th unanbiquous interpretation.

~e wil l  use a n o t h e r  op e r a tor , th e  “ b l o w u p ” op er a t or  as at’.

i n t e r fa ce  b e t w e e n  p y r a m i d  and  r a s te r  r ep r e s en t a t i on s .  T~~is o~~e :ato :

is not strictly iconic since only its resul t (ratner tiian both ~ts

• op e rand  a n d  r e s u l t)  is a coi,red subset of EP . m e  b l o iu p  op e r at o r  ~s

defined as follows:

B: PXC- 2~~XF

3((k ,i,j),c) (S,f) where

s = { (x,y) i*M*~k<x<(i+1)*M**k, and

and f(x,y) c (u:if:rinl;) 

}
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Pa ge ~

Th o  b l o w u p  ope ra to r  t r an s i at e s  a p y r a m i d  p ixe l  and its color in t o  a

c o r r e sp on d i ng  region in the  de t ai l e d  r a s t e r  r e g i on , colored w i t h  tu e

same color.

Both the repainting operator and the l e f t  c o m p l et u en t  o p e ra t o r

take two arguments and, are thus binar y~ Aithoug a we shail not aced it

here , one m a y  define a unary complemen t -operator:

j(S1,f1) (S2,f2)

where
S S2 1

- f2(x,y-)

~ 

- -~~~ 
- _________--- 
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NA iVE ~EThCJ

A s s u m i n g  t h a t  a o y r a m i d  ~a t .i st r u c t u r e  h a s  o~ en  bui~~t, t~ er~ is a

s t r a i g h t — f o r - w a r d  d i s p l a y  t e c h n i q u e  w h i c h  n e p e n d s  o u y  on t~ie a~~i l ir  v

of t he  local  processor to ~u i n t  r e c t an gu l a r  r~~~io ns on the  scree~ (or

i n a f r a m e  bu f f e r ) . T u e  p y r a m i d is ~iop i v t r an s : a i t tt f “ to~~— d o ~~ t ” .

Ea ci leve l  is se nt in th e  u s u a l  r a s te r  scaa o r d .~r , • i n J  u~~~d to

ove r p a i n t  th e  e x i s t i n g  im age .  F i r s t , leve l  0 C l x i )  is ~ a L ; t~~i ~~ a

sin q ie  b lock , c o v e r i n g  the  e n t i r e  s ct eea  ~~~~~ ~ ~~~ v~ 1 1 x~~ ~~ senr

F and displayed, again filling the cat ir e  s cr e en .  Su cces s ive -  ve l s ,

re~ u ir i ag  eve r  i n c r e a s in g  a~io u at s  of ti~ e to t :ansuit ind

serve to c on t i n u a l l y  r e f i n e  th e  d~~ta u s  of t:~ ~a - ~e on t.i~~ s~~ r e E : n

(see Figures 2 and  3)

This  ne t~~o’1 can be use.1 to  d i s p l ay  an y  p y r a m i d  d at d  s t r uc t u L -e ,

r ega r d l e s s  of t he  choice of r e du c t i o n  w i n d o w  si:~ a n d  re~~i i ct i o .  r i l e .

t io w e v er , s ince  mac it  l e v el  i~ seat in its eatiret~ , dii 0: t a e  ~ ::ort

d e v o t e d  to  s e n di n g  levels  0 — ( L — 1 )  is “ -~ -a~~t e d”  ~~ en ic -ve~ L cou~~~c ~~~ 7

o v e r w r i t e s  i t .  w h e n  t h e  r e d u c t i on  w i n d o d  is 2 x 2 , t h i s  .iea:s i 3 3 . 3 . ~

in~ reasa in tra f lSm iS Sl  on t]. ae  L 3 t  t . .E - c ul l  t ’O 5 O~~U t i O f l  p1C~ u i e .  ~

the re  .~u st  be a sma l l  a m o u n t  of i-~cai  ( t o  t h e  d i ~~ l a y )  ci :t ~. J t a t ~~i: i t

s ta t e , wh ich in t e rp r et s  t h e  s egu e n c e  )Z  P I X C  I va Lies ~~nL •~~~~~~ c~~~n:~~

of such things as the current leve l, the position w i t h i n  t h .  c~~n~

r a s t e r  scan , and  t h e  s ize  of t :~e r E c t a a ~~les t r • ( ~ t a i nt ~~u . •\ ~; r i l i

a m o u n t  of p re l im i n a r y  i n f o r m a t L o n  m a y  need to ~ie t r a m  ~1t t € ~~

to initialize this local ~o~~p i t a t i or . . ‘~~ ii t r u n s  5i~~~ )~~~~ L . ~ ’• J i

n e -j l i q i b l e , h o w e v e r .

4

• -

- -- —-.- . —---- - - _____ - - — ••- - -~ --• -~-—-a_%_,_——- —
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Page 10

The progression of images produced by th e  n a iv e  r e c e i v e r  is

described by :

L
(RR f) % B( ( k i j ) c., .

k=O 0<~ <2k

where

is the color ( v a l u e )  of the pixel (~~, i ,j ) .

The order of terms for th e  second repa i n t i n g  o~ er a t o :  does n o t

a f f e c t  t h e  final resul t in t~irs case. However , the progression of

images is affected in  t h a t  tue oruer or repainting t :e o~ oc~ s : a

single level depends on the way this operator ’s indices ire

interpreted. We can simplif y tais expression if we assume chat .c -w : L i

be the slowest index to increase:

(RR ,f) = % B ((k ,i , j ) ,C,~ .

~ri -
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NAIVE S~ NUZ~

b e g i n  “ sen d image”
f o r  level  := 0 step 1 un t i l L

ao b e g in  “send le vel”  /

fo r  V := 0 s tep  1 unt i l  (~~**l evcI) — 1
do be~~j a “sen d scan line ”

for  x := 0 step 1 u n t i l  (I~**leve l ) — 1
do Send(PyratnidIlevel,x,yl)

en d “send scan l ine ”
end “send level”

en d “sen d im a ge”

N~~IV~ RECEIV~~E~

begin “receive image ”
for level := 0 step 1 until L

d o be~~in “ receive leve l”
for y := 0 step 1 until (N**level)—1
do begin “receive scan line ”

for  x := 0 step 1 until (~1**Leve l)—1
do begin “receive pi cel”

Receiv e (pixel)
x l := x * Screeri1axX / (~~*~~lev c l ) ;
x2 := (x+1) * ScrcenlaxL / (?t** level) -1;
yl := y * Screeu3ax~f / (~~~~~*l~~~v e j ) ;

y2 := (y+1) * Screen~ axY / (N**level)—1;
S e t Co l o r (p i x e l ) ;
Paia tRec tan gle (x l ,yl ,x2 ,y2)
end “receive pixel ”

end “rece iv e scan l ine ”
en d “ receive  l eve l”

end “r ece ive  ima ge 

-
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(?~ I~ I T  PA l  i - i ~;

The previous method used a zixed on e: of ~ix~~i ~~~~~~~~~~~~~ a n - i

used  k n o w i e ~~q e abou t  t h i s  o r d e r  to avc~~d s~-~nd~~u~ a n i  p •~sit i o : i~.1

information. I~ this metho-u , we t a k e  the  v i~~ t~~~t ~~~ sp at i- i i

cohe r ence of the  im ale  is such th a t  t h e t e  are imr ~ e, Loau- ;~ n~ o u u  a r~~ ~
w h i c h , once p a i n t e d  c o r r e c t ly  in a lo~- r n s o i u t i o a  i u u ~ e , n~~L 1  n o t  r;-

ov~~r p a in t e d .  This  is o f t en  th e  casa in  n i a a r v  i~~a i € s , and  t~~cm n e s

lass probable as the grey scale or colo r r e so i ’l t i oi i  :s ~~ cr~~ ase~~.

l’he t r a n s m i t te d  i n f o r a l a t i o l L  c o nsi s t s  ol a s e qu e n c e  of ~d u- n r A u ~~~s

(k ,i,1,v), wnere :

= L e v e l  n u m b e r ,

i,i  = coordinates of a pixel -i~~ t 4 i t  LC VC I ,

v = Tn e  Color  (o r  V a l u e )  o: t i.a : p i xe l .

-O nc e  again , we t r a n s a t it  t he  p y r a m i d  fr o c  ta~ t O~ ~ J w n ,  i - x c ’~~ t

that we only seam a ‘~uadrupl’? t-o r a ci~~~~ ic it s -~u i i~ ~~n

t h a n  tti C ~~ lue  of i ts  F u t n e r  ( in  t .~e p r e i i o u s  L e v cj ~ . Th~ . u~~~~j a ’- - .

i m aq e s  w i l l  be  tae sam e as those  ouuc~~u a -, the ~ ai~~~ ~-~~th  ) 1 , ~~~t

a i s p l ay  spee~i n.~~l depe nd s t r o m q l v  U~~~n t~~e “~.vr atLI ..a1~~~itv ’

• Ti n i m o t o , 1~~7 7 1  of t ao  in a ~~e.

This m e t h o d  is m o S t  Li~~m l y  to a€ u~~~t~ I ~ n e n  t .~e r a r . ; e  of  ~~~~~~~~~~~

— values is 3j n11l , an d  w n e n  t h e  p y r i a L  ~ is ~:o wn  :- v a r-h uct~~o~ : ~ Lt -

s u ch  as ~ o~ e ( V a l u e  of ?ath ~~r = most c - a o n  V i  lu-i of S O L S) .  i~~ t n~~~~.-

cases , w e  are  g u a r an t e e d  t o  have co r r ~~c: ~~i ~ia~ nt~ l a t  l~~ast. 1/ t : -~~~ , )  of

t h ~ p ixels at a qiien level, since at  l- - i st  ome So n  i., ~i - r ’ ;  E - ~~- U ~~~~~i) . .

w i n d o w  h a s  ~ne  same v u l  ic as t ac  ~‘ 1r . . .er  0 t~ ~~~~ ~~~~~

- . 

- - - 

- - 

I~~~~~
-
~~~~~~~~~~~~~~

- -

~ J~~~~~~~~ ~~~ 
_ _
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This met hod is ur.suitaoie ior tt~e d i s pl a y of p y r a m i d s  -, r o i m  ~ 
- /

reduction rules (e.g., sean) whic h do not g u a r d n t a i  u x a ct  r a t cn ~~3

b e t w e e n  Father and Son pixe l va lues .  In th ese  cases , tL~ -av t h c a u

involved in specifying the level aid coordinates o~ C~~Ch 2i ix e l ~ii l

o u t w e i g h  t he  s a v i n g s  made ~y not senn in g  e v e r y  p ixe l.

~ special case arises when the ina~ es are h~ n a r y  (~/1). tn  t . tat

case we are guaranteed that at least 1/2 of the pixers at a ~~L I C ~~

level are already correct. In  addition , we cai~ aispense witu t4o

tourth element of every quadruple. ~e adopt ta~ convention tn- a t t h e

screen is originally blank (say, all 0’s). We m ay r e f e r  to tn l s  “Zero

imaqe” as level —1. Then ,  the Value of a give n q -ua-Irup le is un i q u c ly

determined. Hence, it need not be sent . Instead , the meanin g of t i e

triple (k ,i,1) becomes “comolement the block corresj~~ndir4g to positi~in

(i,i) at level k” f Tanimoto , 1977~.

Of course , if we do not restrict ourse lve s t o  oy : a m id  d at a

s t r u c t u r es, the re is a L a r g e  class of successive refinecent displa y

m ethods based on t h e  use of s m all er  an d  sea ll~~r r~~c t a u g a ~~a r  (-or o t n ~~r

shaped) blocks. Thu tradeoffs are nuc~i the same as those ammiesseu ny

d i v i d e — a n d — c o n q u e r  h i Ide~ s u r f a c e  a l q o r i th n s  [ W a r n o c k , 1~~o f l .  N t e

th at  t h e  ( k , i ,1) t r i p l e  is sm a l l e r  t : i l :i th e  ( X 1 , Y1 ,~~., Y 2 )  ~ u a d r u p l - u

needed to specify an a r b i t r a r i ly  p laced r e c t a n g u l a r  b lu c k ,  b u t  t a it

arbitrary placement allows faste r localization or algu s w~ ic.. no

lie on t h e  p y r a m i d ’ s r e f u c t i o n  w i n - l o w  i’ouadaries . Ailowin ~ a rL itrar y

placement of blocks also raises the q ~c s t i )n  ot ~fficicn t 4 Ct , L O~~~, of

deteraiiinq an optim al paint ing sequence . 3uca consiue :utions •ir~~

b e y o n d  the scope o~ this w o r k .  
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We describe the progression of images pr ou uced b y  t ae  exp l ic it

repaintinq receive r as follows:

flq
(RR,f )  = % F((l’c i ,

~5 - ),c )
q 1  q q q q

Here  the sequence  of qu a d ru o le s  sent  by the ax~ li:it rep aintmn ’~ s~ nder

~s represen ted  by:

1,i1,j11c1), (k2,i2,~2,c2),..., (k~ ~~ 
,j

~ ,c~ 
)

q~ q q q

La the aforementioned special case waere binary (bIa:~ /white ) isa-;es

are  c o n c e r n e d ( and  the v a l u e  of a g i v en  q u - a d r u~~Le ne ed not  be sent ,

since it is implicitly the 0000site of its f~~th er ’s val u e)  , we

describe tae explicit repaLntiag receiver’s actions as

(RR ,f) 3(0,0,0), black) 3((k ,i ,fl, white)~

Thu s, successive  refining in this case is e~ uivai ent to successive

coaplemen tation of the coLor of s u bn i o :k s
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E X PLL~ IT H A1~~ I~ãJ S~~ JEP

megin “send i.aaqe”
3end (0, 0, 0, Pyramidl 0, 0,0 1)
for level. := 1 step 1 until L
do oezzin “send leveL”

for y := 0 step 1 until (‘~**level)— 1 *do beiin “send scan li n e ”
for x 0 step 1 until (~ **luve l)—1

b begin “send p i x e~.”
fa t her := ?vr idf level— 1 ,x/~ ,y/~i 1 ;
son Pvr-i~ id1 levol ,x,y1;
if son NEQ father
tacu Send (ievei,x ,y,soLt)

end “send oixel”
end “send scan iiae”

end “send level.”
en d “send image ”

X?LICIT ~:?A:sTI~~ }~ CZIVft~

begin “receive imaqe”
w hj l m  TR tJ ~
no beqin “another pixel”

Re:eive-(le vel,x,y,pixel);
x * 5creen~tax.( / ~:i**le vel)

x2 := (x+1) * Screen .l ix C / (~~**leV ~) 1) _ 1 ;
v i := v * Sc r e e n . i a x L  / (~~**iey ei)
y2 := (y+1) * Screen~~ix L / (N**le v~ l )—1 ;
S a t C ol o r ( p i x e l)
P~~i a t R e c t a n q l e ( x 1 , y 1 , x~~, v 2 )
end “~ aother pixel”

~nd “receive image”
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i’ha ~!aiv e ~cthod madc  use o~ a s p e c if i c ~r i e~~i~~ or ti~ p n x - i s  11.

the pyranjd, and the Zxpli~ it ?epaintlz.~ Ae t . lJd u s~~~ k no~ ln I ( o t t  t~t e

Sender’s part) about orevioas~ y sent pA~x-~l5 in Qr d e ~ to avoic ~~~~~~~

“ r e d u n d a n t ”  i n f o re a t i on .  I ~i tnis i~~t i~~ d , w~- r~ ly upon k. ~~~ledge o~

the keceiver ’ s part about ta~ ~uiues of p r-- t v i~~isli . i o ut  ~;i :ce~~~ a.~ i

r euu c t i o n  ru le  use-i in ~r o i in g  tn c  p v r a .~ i i.

Assu m e we are worci r .-i with .scalaL ~~~~~ val~es (c~~iur  is ~~ :i l ’~- -~
by a s s u m i n g  we ha’i e t h r e e  scala :— vn . i~~~: i.:~aues~ . ~ u ,- pos~. t~~at  t

reduction rule was Sum ( V a l u e  or Fat ~~cr = o~ ‘ / -il ~~s ur  J o n .~~ . -~~~~

f i r st n o te  t h at ‘eac h l eve l  of t n~ pyr 5icii -l re-~ iires 5t - ii~~f u~~~nt  r ,ua . -~r

of bi ts  to  r ep re sent  each  p ix e~~. ~n e n  t i ~~ :i- -~ Ucticu ~~;~n n~

level k-i r~ guiro s 2 ~or -~ b i t s  per  p i cci. t n a a  j n v e l  .. ~ c-:~t , .e SL’~

that if we know the values f the Fat~~~: a nd a l l  b u t  one 0 :  t~~ -~ 3o~~s ,

t h e n  -~e can de r i .v e  t~~e v a l u e  of tZ ; e l a s t  ~~~~~ ‘or e ~~~~~~~~~ n it . .

r e d u c t i on  w i n d o w ,

S o n I  1 ,1 1 = Fat~~er — (~ oci f 3 , 0 ] + J o i~ ~~, 1 ] + J i n ~ ~ , 0 J)

~ ow , if the values o: previous 1.y se ~ L:(~~ .s ir~. i~- aij .~ i

avaiiable to tae ~eceiver (i.e., t a e  cu : r~~~ t i:~~~ IS ~;t o : u- i  L n  •

m e m o r y  w L i c~ ~a n be r c a—I  u~ t~.e ~ece~ 71n-~ ~r~~ en;~~ , ~~~~~ -~~~~ ~~~~

trans m it t h e  image as in the :~~ive ~e~~ oI , ~xc~~~t t:. -j t  ~~~~ e:~~ t ~~~

last pLX9 l i n  each r 3 du c t io n  w i L ~a J w .  ~~~ S e c 2 - L i ~~:~-; ~r o~~css n

aoor p ciatc ly scale all values zoc cisp la y ~ ir ose~— , a:~n ~~~~~~
S values of the “eissin~ ” pi~~ ls.

St 
- 

-

- -  - - -  _ _ _ _ _ _ _ _  _ _ _
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flote thit the Receiver m ay take a l v - i r . t - t ; € .  or t ae  i~.c c L a s~~i

qrey—scaie resolution in tao io~er s~ atia i risoiution ev~~ s. ~o:

example , an image which is oinar -’ at level L can be ~ isp l u v ~~u as -i

g r e y — s c a l e  im age  at e a r l i e r  levels.  T .~is can be done e i th e r  by u~~ nq

a grey—scale display device or by Using ha lf—toni~~ ~~~~~~~~~~ t o

shade t h e  r e c t a n g ul a r  b locks  on a binary display. This ‘isv 0: extra

grey—sc ale resolution m ay siqnificantl~ im pr ov e tu e  ea :iy

ap p r o xj 3 a tj on s  to the final image.

Since we omit  one pixel in each roduccion w i n i o~~, the total

number of pixels transmitted is ~~~~~~ t n e  n u m b e r  of  p ixe ls  in l e v el  L.

H o w e v e r ,  s ince p ixe l s  at d i f f e r e n t  leve ls r e qu i r e  more  b it s  to

sp e c i f y ,  t h e r e  is some transmission overhea d involved. Tne absolute

overhead is independent of the nu~aber of bits per p i x e l  in  l~~~t l  L.

For a 2x2 reduction window and 12 bits -of inf r e at i o n  f o r  u - t c a  (~ eve~

L) pixel , the transmission overhead is 3.3 .

The  p r o g r e s s i o n  of im a g e s  produced j v  t h i s  r e ce i v e r is

to that produced by the naive receiver.

~~~~~ ~~~~ — — _____ — - ~~ ~~~~~~~ ~~—
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C’ i l T  ‘[,‘ ‘T ‘i L’ ; P I X ~~I.S (S~~’~)

q
~~L. “ -~ -~v~ i~~3 -~~~”

f-o r L~- ’/~- 1 :=  2 ~~ -~o 1 u n t i l
~ J .)C~~~j L .  “5-1 11 1 le ’t l”

~~)t V : s’~e~ 1 m r  ii (~‘*~~ieV€l ) —1
13 ‘

~~~
- T i ~~ “seai scan L~ .f l~~~”

: ~ ~; t ~~:~~~~) 1 l a t h .  (:.~*~ l~ v€ 1)—i
lo  t tq  i n  “s&i. ~ n. x - ’l

if  ( (v ~~~ ‘I ~~
— 1)

C’~~ C (x  c~) :i ) ‘-
~~~~

(‘

Di ’. (l~-ve1 = C )
P~ fl S . ’~ (?vca .ni-11 l~ V€1 ,Y ,V 1)

~~~~~~~ “ sE~:J oj ,cel ”
~n d  “sen— a ~c-a a l i r .~~”

end ~~~~~~ l~? v c t ”
c ad “ s e m ~d ~~~ ic ’

O~~~~~T ~~~ U ’~~~~ T ~~~~~~ ~~~~~~~~

~c n i .  “r ec~ei’z e i n ~~-~e”
f r  1eve . C ~~~~~~~~~ 1 u~ tiL t.

~~ u n  “ r e (~~ iv-~ lk~v r i ”
f o r  v :=  2 ~ ‘e ’)  1 ‘l r ’ - L L  (~~~ *j ~~v e l )  — 1

~~ ; L n  “ rec -~ L v - c  s car .  l t ~ ”
f x  X ~) ~~1 — D  1 1ii ~~~~ . ( :i~~*L~~v c i ) — 1

1) H~’n r~ “ r~~cetvc t .x’-~l”
~ I !) - 1)  ‘

~ 
—

~ (x 
A ( - ~~~ ~) ‘~~~?(  ~l _ 1)

‘-~~~~ 
( 1 E ~ /~~i = 2 )

~~~~Li ’. ~~~~~~~~~~~~~~~~~~~~~~ t D ’_ ’~ - l )

—

~r (p: ~~- L / (  (~~~* 4 )  * *1s ~~~~T 2 1 )  )
< 1  := x -:r~~~- m : ~~ xX / ~~~~~~~ j e ve l)
- < 2 :=  ( \ s ~1 ~ ~cr~~ n~ ax.~~/ (- *L~v.~~~_ 1 :
- . 1  :~ .‘ ~ ~~~:€ ~. . i ~~ax Y / ~ ‘ * * 1 — ’ ._~j ;

:~~ ~~~~ * ; -
~~ ~a~~i / (~~‘~~hvc~.)— 1;

S ‘i:~ t e c .i.4 -:~ x 1 ,”1 ,x., ;2)
I “ :~ -;e ie  ~- -

a - i  ~~~~~~~~~~~~ ‘.‘~~.. ~~~~ i i : .
C 

~~~~~~~~~~~~~ i’5’ L :
- .  i “: ~~~~ 

, ~ ~~~
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O M I T  R E D U N D M ~T P I X E L S  ( S LE 2 I J N )

rhe previous method can be qeneraii~ e-a to 1~~al  w i t~ a n y  r e d a c t ion

rule which allows the derivation of tue Value of a sinqle Son pixel ,

qiven the Values of the Fathe r and the rema ining Sons. In particular ,

if the reduction rule is Selection (Value of EatLer = Value of

Soni x ’,y ’ 1) ,  thea not on ly  can we avoid sending Sonf x’ ,y ’ ~, nut -we do

not even have to derive its value ! Whe n the other Sons are

transmitted an d  painte~I on the screen , SoaC x ’,v ’l is already correctly

p a i n t ed  on the screen. The area corresponding to SOnC L ’,y ’ 1 was

painted w h e n  t he  Fa the r  -was pa in ted , a n d  io~~s n o t  flee-s t3  be

repainted. The important point is that bot~L the Sender a n d  t se

Receive : can kno’w this. ~s above , we must transmit X*1 pixels.

However , due to our choice of reduction rule , al l  pi xels regui:e the

same numb er of hits. This means t :iat tuere is ausoiutc-iy r.O

transmission overhead , conoared with a row—by—ro w painting o~ le ve l I..

Fhe advantages of early presentation to the user of a conpLete , a l ar ~i t

low resolution , im age are ontained at ~he price of a ssals amo unt of

computat ional overhead. A Iso, it is not necessary to store t *IC  i.~ij - ~e

in fast m e m o r y  accessible to t h e  R e c e iv er , si~tce a )  o~ e r a ti ou s  o ts er

than display are required .

rhe values transmitted correspond e~ actlv to t.~e values or

p i x e l s  a t  leve l L. The order in wnich t h ey  ar e  sent  is t a c  on ly

difference between this metuoi and thc traditional row—Ly — ro’~ :a s tt :

s:an. Just as the Receiver nust understand the orderii~-; oz t ;~~ usia . f

• r a s t e r  sc a n ,  th e  3e ce iver  fo r  t z t i s  m e t h o d  ~u st  u r .- s e r s t~~n d , - a n - i

properly interpre t, this ordering . If the tim~ to  w r i te  a i r~~~

St -

- 
-
~~ - -  ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~

L -~~
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r e c tan gu l a r  are a  on t h e  sc reen  ~or in  -a f : a~ic n - -~:i er )  i_, “ r r ~~e”

c o mp a r e d  w i t h  the  t r an sn i ssj o a  t iee , t n ~~r. t h is  net  hod is “ f r e e ” .

I

-~~

-

~~ 
j

‘
5,

j
I 
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OM IT R E D U N D I \ N T  P I X h L S  ( SE L E ~~~I U N )  SE~~)ER

be q in “send  im a ge”
f o r  lev9l  : 0 ste p 1 u n t i l  L
do begin “send level”

fo r  y := 0 ste p 1 until (N*~level)— 1
do beg in “sen d scan li ne”

f o r  x := 0 step 1 until (M**level) — 1
do begin “send p ixe l”

if ((y ~1OD N) NEQ 0 )  OR ~~x :•IO D ~ ) N E ~ 0)
DR (level = 0)

then Send~~ vran idr level ,x ,yl )
end “send pixel”

end “send sca n l ine ”
end “send level”

en d “sen d ima qe

O~ IT ~~EJ1I~~~DA~~~T P I A F L S  ( S E L E ~ TIO :-~) E i C E I V E ~

te g ia “rec e ive image”
for level := 0 step 1 unti.1. L
do begin “receiv e level”

f o r  y 0 step I until (N**levcl) —1
d~ beqin “receive scan line”

for x 0 ste p 1 unt i l .  (? i **iev el)  — 1
do begin “r eceive pixel”

if ((y ~OD ~) ~
EQ 0)  CR ( ( x  ~1OD ~i )  N F.Q 0 ) )

D R  (level. = 0)
then begin “-overoaint with son ”

Receive  ( p i x e l )
SetColor (pixe.L)
x l := x * Screen ~!ax X / (~~**ievel) ;
x2 := ( x + 1 )  * Screeu~i a x : (  / (y~**leve~ )_ 1 ;

:-= y * Screea~iaxY / (~~**lC vCj)
y2 := (y+l) * Scr een~ ax~ / (.~**level )—1 ;
L~din t~ ectaagle ( x l , y l , x2 ,v 2)
end “overpaint w L t h son ”

end “ receive  p i x e l”
end  “ rece i ve scan l i ne ”

en d  “ receive leve l”
e n d  “ r e c e i v e  im a g e ”

I 
~

* 5 -
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t~~T: r ~A C T I ’E  D : T -
~~I L I N - ~

All of the above me tnois can be n o i r f i c i  t o  a l i i~ t~~e o~~se rv e r  t~~

dicect the successive refine raent process. Once tne  e~~ti:~ ~~~~~ n-as

been paintel to .s’one ni nuin1. a E~?so.~st1on , the -~s-~~ may i~ ’~~rr u~,t t..e

t r a n s~~iss ion  of th e  i m ag e  ~i n d  in d i c a te -s ri ar c ~-~ t~~ he  rn r i n e ~ f u L ~t n - r .

Th e  r e f i n e m e n t  process is t n e n  l i ni t e d  t o  t .~ i: a u ~~a or ~ ..e ii~a 
~~.

This  w i l l  p r e v e n t  t~~e t ra~is.~ L S S 1 O f l  o~ in:o:cat~~o,~ snout ~~~ as ~: :..e

image wa ich are uniziterestiaq to t h e  ise r , sn ~ ~ L -j w :~~ch :sste :

r e f i n e me n t  o~ the  i m p o r t a n t de:ai4.s .

rhe E x p i i c i t  !~e pa i nt i n ~ scn en e  is ~~~~ ea st  on e t~ .:-~~:r : y,

s in c e  t n e  p o s i ti on  - a n d  e x t e n t  or e a cn  rec t~~n~~5isaz L5~~oc~ 1.~ ~~~~~~~~~~

sp e c i f i ed . ~ iie othe r m e t b o ~ s r e f y  ~p on  a f i xc i , c r ~o-w n o r d e r  ~~ ~- i  e~
v a~.ses , a n d  ~iU s t  be exteused to deal 4 L t . ~ i n t e r r up t i o ns .  ~z z ~~: e a c~

user—spe cified wind owi ng oper~ttion , a 5 U Cj j  -a~~ o un t  or  n ) U ~~~~~~~~~r

i n f o t i n a t  i on  ~u u s t  ha t r aj i s n i t t e - 1 , to r e — m it iai i z~ t~~e ceij e : ..

- ——-

5 -  1~.

- - - 
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~ - --— - - - 

-
- ,~~~,
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T~~A~ SFO~~ ~~~ jOD~3

All  of t he  m e t h o d s  d is cu ss~~u ~~ ove y i el i  a ‘ s~~r i -~s ”

r ep r e s e n t a t i o n  of the  im ag e , an d  h - a v e  tn e  “ p:~~~i~ pr p e r t v ” . ~ n I t  is ,

truncating t~ e serIes a t  a ny  p o i n t  q i~~es an ~ip ~r - ix ~~n a t i s~ to  t :.e

ori qinal. imaqe. There are , of course- , e th e r  representations -~ith tnis

property . Two which have been used extensively i n  isa~j e  ~r ocessir ~-~
are the Fourier and fiadamard transforns E~~ nd re ws , 1)701. .~e ~EIn~ :v

di icuLty with such method s is the anount of co~~p 1t a t i on  re~~u i r~-i  t o

turn t h e  representation into a visil~.e is-age. If th i s  is tn  n~ do n e

on ly  once , a f t er c o m p l e t e  t r an sn i s s i on  ol the ( t r u n c a t e h )  t : - a n s f o r n ,

t h e n  t h i s  m i g h t  not  be a se r iou s  3 b 1ect i o z~. .io w e v k � r , r t  is

i m m e d i a t e l y  c l e a r  how t o  e x t e n d  t h e s e  n e t h o~~s to i n te r ac t iv e  d e t - a i i i n - ;

in the spatial domain.

r he  m e t h o d s  we have descrined have tha aiiit iona i -~r -o~~e : tv  t n a t

t h ey  a r e  w e l l  m a t c h e d  to tn~ -d i s p l a y  c sp ah i l it i ~ s of a va i l  ai~le r a n t e r

gr a p h i c s  e qu i p n e n t .  ?or exa ~n pLe , n a i nt i r i g a r e c t a n~~ula :  ~~~o -~~ m s

esse nt ia I~.y f r e e  on man’, iisplay -teiic es ~lsn , o u r  5 tt n c~~s c an

easily be im plemented requiring neither mu ltiplicat io n n o r  ~j 1r s 1 u n

operati as. Since t h e  ~isplav ?-:;ulntent p rov i~~~s t5~~- t r d n n: o :n

inversion , tnis means that :a~ i— I , repeated , increnentol cor5 v~~ sio:~ of

t h e  s e r i e s  r e p r e s e n t a t i o n  in t o  a v ie~~a L ’ m e  i .r.a r e r s  f a i s U  in

~~ -i
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The wi~ espread  use of h i gh  r e s o l u t i o n  r a s t e r  g r a ph i c s  U L S p I a V S

will require effective use of low ba n dw idth comnuni~ation mines . ..e

h a v e  p r e s e n te d  several  m e t h o d s  of t r a r A s a i t t in g  r a s t e r  im a g e - s  w n ~.ca

prov ide early recog n i t i o n  of gr o s s  f e a t u r e s  and  . hi ch  ar e  w e i .~ a~a t cn e d

to  a v a i l a b l e  d i sp l ay  devices.  Tue usc- of these me thod s is ny ni

rest r ic ted  to  d i s p l a y  ap p l  ic a t i o ns .  T h e y  ar e  suita~ le for any

situation in wh i c h  the  aece ive r  c-au n a e  use of a l o w — r ~~s o i u t i o n

im a q e , e s p e c i a l l y  ~hen  the r e gu i r e d  r e so i - i t m o n  is no t  k n o w n  a p L i - O t :.

~~~~ ~~~~~~~~~~~~~~~~~ . 
- - -

~~ 
- 

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 5.—J~~~~~~ .n~~~ 
- 

--



I
-5 —

~~~~~~
—- —---

~~
-

~~~~~~ 
— 

~~
-

-- -

page 25
1

1 / / level O

n

n~ 

- 

i~~

’

~~~~~~ 

level I

IC

~~~~~ 

1 
level IC

k-i- Il l

- 7 -H \ \
IC~~‘ 

level k+1

L
U

/______________________ 
/ 

level L

Figure 1. Pyramid data structure with m xn reduction window. Each level(e.g. level IC) is an mkxn k pixel array where O � k < L .
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